The overall objective of this project was to improve the Nordic emission inventories of short-lived climate pollutants (SLCP) with a focus on Black Carbon (BC). It is commonly known that emissions of SLCP have a negative impact on climate, air quality and human health. BC is known as soot, which is the dark, light-absorbing part of the particles. There has been an increasing attention and interest especially in the role of BC in climate change and the possibilities to slow down the on-going temperature increase by reducing emissions of BC and other SLCPs. Emission reductions of BC can also have a regional effect on climate change, for example in the sensitive Arctic region.
Reduced emissions of BC would benefit both climate change mitigation and human health. The adverse effects on human health from exposure to particulate matter have long been recognized. Recent assessments suggest that BC as a component of PM2.5 (particles with an aerodynamic diameter smaller than 2.5 µm) is associated with health effects from both short-term (daily) variations in BC concentrations, as well as long term average BC exposure.
Nationally estimated emissions of SLCPs and PM2.5 are reported annually to international conventions. PM2.5 and
Emission factors, scenarios and reduction potentials
BC [and also non-methane volatile organic compound (NMVOC) and carbon monoxide (CO)] are included in the emission reporting program under the UNECE Convention on Long Range Transboundary Air Pollution (CLRTAP), while methane (CH4) is reported to the United Nations Framework Convention on Climate Change (UNFCCC). There are uncertainties associated with reported emission inventories, especially of PM2.5 and BC. For robust assessments of climate and health impact, as a basis for considering actions and measures to reduce emissions, uncertainties in the emission inventories need to be reduced and the comparability between the countries' inventories need to be improved. A better understanding of PM2.5 composition is essential for the assessment of climate benefits of emission reduction actions since components of PM2.5, such as organic carbon (OC), can have a cooling effect on the climate.
A good enough understanding of the sources and the magnitude of emissions of SLCPs and PM2.5 is a prerequisite to be able to take effective action, in prioritising measures to abate climate change and/or health effects, and also to be able to evaluate if the actions have had desired effect.
Residential wood combustion is a major source of PM2.5 and BC emissions in the Nordic countries, both today and in the future.
Emission factors were developed in the emission measurement programme for PM2.5, EC(BC), OC, CH4, NMVOC and CO for various combustion technologies used in residential biomass combustion in the Nordic countries. Ratios were developed for increased emissions at poor combustion conditions compared with normal combustion conditions. Scenarios using the new emission factors show that reduced emissions from residential wood combustion can be achieved by modern technologies and through improved user skills in operating the combustion equipment. Residential biomass combustion is an important source of SLCP and PM2.5 -and data are uncertain
As can be seen in figure 1 and 2, residential combustion is a significant source for PM2.5 and BC emissions in the Nordic countries and contributes more than 40 percent of the total Nordic emissions. Road traffic is also a large contributing emission source to PM2.5 and BC. Figure 3 shows that the agriculture and waste sectors are the most important sources for methane (CH4) emissions. In the national emission projections -taking existing legislation and measures into account -total emissions of PM2.5, black carbon (BC) and methane (CH4) are expected to decrease by 2030. Residential combustion will, however, still be the most important source of PM2.5 and BC, as will agriculture and waste management be for CH4 emissions. The national emission inventories of PM2.5 and BC from residential biomass combustion are not fully comparable between the Nordic countries, partly due to different measurement methodologies underlying the national emission factors (hot flue gas, dilution tunnel) and partly due to the details of the inventory, such as the technologies used. As residential biomass combustion is such a dominating source of PM2.5 and BC emissions in the Nordic countries, the present uncertainties and knowledge gaps need to be reduced in order for the emission inventories to serve as a sufficiently reliable basis for policy development and actions. emission factors. In a national emission inventory, lack of detailed information on technologies is a common situation. The emission factor results were thus adapted and aggregated to be useful in a national inventory. To enable the use of the measurement results reflecting emissions at different combustion conditions, ratios between emissions at poor combustion conditions and at standard combustion conditions were calculated. These ratios can be used in national emission inventories together with information on the national share of poor combustion.
In general, the measurement results showed that older technologies exhibited higher emission levels than more modern types of equipment. As can be seen in figure 4 , traditional log wood boilers had emission levels that were in the order of 5-10 times higher (depending on pollutant) than for the modern log wood boilers and the pellets technologies. Among the stoves the difference between older and modern technologies was not as large, where up to two times higher emission levels were measured from the traditional tiled and masonry stoves and an older type of iron stove, compared to the modern wood stoves.
Poor combustion conditions increased emission levels. In the boilers part load combustion conditions increased the emissions between 2-6 times, and moist fuel generally increased the emission levels by a factor of 1.5-2.
For the stoves part load conditions generally increased the emission levels by 1.5-3.5 times. The measurement results suggested that modern stoves are sensitive to moist fuel, as emissions of PM2.5 and OC were 5-8 times higher compared to emissions when firing with standard fuel, see figure 5 . The results also showed that older technologies, tiled and masonry stoves, were hardly affected by moist fuel, and the emission levels were comparable to the standard fuel test cases. The higher impact from moist fuel in the modern stoves is likely due to limited capacity of the air systems in many modern stoves.
It was found that the EC emission factors did not correlate with the PM2.5 emission factors, and that the EC emissions were less affected by moist fuel and part load conditions than most of the other pollutants. In the literature, EC emission factors are often given as percentage of PM2.5, which according to the results in this project does not necessarily reflect reality very well. In addition, knowledge about user related factors that influences combustion conditions needs to be studied nationally. These include the use of moist fuel, firing conditions related to part load and management of the ignition and air flows. This information can then be used to develop country-specific shares of "poor combustion conditions" that can be used together with information on the increased emission levels during these conditions.
Way forward for improved emission inventories
When comparing currently used national emission factors in the Nordic countries with those developed from the measurement program in this project, some large differences were identified, both between countries and in relation to the measurement results. There are examples of individual national emission factors that are considerably higher, or considerably lower, than the measurement results.
Differences in the emission factors between the Nordic countries were identified and the reasons behind the deviations were studied. One of the reasons for differences between the current national emission factors is that some are based on measurement results derived using different measurement standards (e.g. hot flue gases/diluted sampling, or EN standards/Norwegian standard). To compare national emission inventory results, emission factors should be presented and documented in a way that enables the use of comparable emission factor values, in addition to the details of the equipment used and the biomass consumption.
There are real differences between the Nordic countries regarding the most important technologies used for wood combustion, the user practices and the user influenced factors. The results from this project provide additional knowledge for developing emission inventories that are more comparable between the Nordic countries, taking national circumstances into account.
Potentials for reducing the health and climate impacts from residential biomass combustion
Scenarios exploring how emissions from residential biomass combustion would be affected by improvements in user related operational conditions and upgrading the equipment to modern combustion technologies were developed using the emission factors derived from the measurement program.
The scenario results (covering Denmark, Finland and Sweden) suggest that there is a realistic and technical potential to reduce the adverse health effects and, to some extent, the climate impact from future residential biomass combustion by reducing emissions of SLCPs and PM2.5. The penetration of modern technology in residential biomass combustion and improvements in the user related operational conditions both have impacts on the emission levels in the three Nordic countries. Decreasing or increasing the amounts of biomass fuel combusted would of course also have a large effect on emissions, but this was not investigated and the total amount of biomass was kept the same in all scenarios.
The results show that:
• the estimated reduction of PM2.5 emissions would lead to reductions in adverse health effects: about 1000 premature deaths would be avoided annually in Europe in 2035 as a result of replacing older boilers and stoves with modern equipment and using good combustion behaviour;
• the reduced climate impact resulting from reduced emissions of the short lived climate pollutants BC, CH4, NMVOC and OC from residential biomass burning is rather modest and more of a positive side effect in addition to the reduced health effects from reducing PM2.5 emissions. The potential emission reductions estimated in the scenarios correspond to approximately 0.1% of the projected greenhouse gas emissions from Denmark, Finland and Sweden in 2030; • according to current national projections the use of older technology stoves and boilers in Denmark, Finland and Sweden are expected to only account for about 7% (10 PJ of 148 PJ) of total residential biomass use in 2035, see figure 6 . The potential to reduce emissions from residential biomass burning by replacing those older technologies (7% of the biomass fuel) with modern equipment by 2035 can be significant, in the order of 15% for PM2.5 and OC, 25% for NMVOC and 7-9% for BC and CH4; • if, in addition to replacement of older equipment, the combustion behaviour is improved from the assumed 90% up to 100% of the fuel combusted with good combustion behaviour, the potential to reduce the emissions rises to 26% for PM2.5, 32% for OC, 35% for NMVOC, 15% for CH4 and 8% for BC. This can be seen in figure 7. This report presents a summary of results and highlights from four reports produced in the project. The topics cover results from a measurement programme that provided SLCP and PM2.5 emission factors for typical Nordic residential biomass combustion technologies, it covers emission projections and efficient measures to reduce emissions of SLCPs beyond current projections, and also presents results from investigating the potentials for reducing the health and climate impacts of residential biomass combustion.
